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ABSTIWCT

A low-temperature fiberoptic twcwolor infrared thennonwter has been developed. Radiation from a target is collected via a
single 700 y.rn-bore hollow glass optical fiber coated with a metallic/dielectric layer on the inner surface, simukaneous!y split
into two paths and modulated by a gold-coated reflective chopper, and fbcused onto two thermoelectrically-cooled mid-infrared
HgCdZnTe photoconductom by 128.8 rnm-radus gold-coated spherical mirrors. me photoconductors have spectral
bdpases of 2-6 ~ and 2-12 pm, respectively. ~e modulated detector signals are recovered using lock-in amplification.
The two signals are calibrated using a blackbody (emissivity equal to 1) of known ternpemture, and exponential fits are applied
to the two resulting voltage versus temperature curves. Using the two cal]lmation equations, a computer algorithm calculates
the temperature and emissivity of a target in real time, taking into account reflection of the background radiation field from the
target surface.
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1. INTRODUCTION

Radiation thermometry is a common non-contact method of measuring temperature. In particular, the technique of two-color
pyrometry compensates for the effect of unknown emissivity, which can vary with temperature and surface quality. Two-color
pyrometers sample the target radiance in two different spectral regions, and calculate the true temperatmv and/or emissivity
using various algorithms. Many methods of separating the incident radiation into two spectral bands have been used,
including using a bearnsplitter with two detectors, 1 a rotating filter wheel composed of two different filters with a single
detector,2 and a single detector consisting of two different active regions.3 Once the radiation is divided into two distinct
spec@.bands, possible methods of calculation include calibrating the ratio of the two signals4 which is independent of the
emisswlty (assuming the emissivity is independent ofthewavelength) or solving the two detector response equations
simultaneously for the temperature and ernissivity.5 The spectral characterisdcs of the optical components and the sensitivity
of the system determine the useful temperature range of any radiation thermometer.

We havecmstructeda two-color mid-infkared thermometer incorporating a single hollowglassopticalfiberandlock-in
amplificationforlow-temperaturemeasurement.Theradiationcollectedbytiehollowglassopticalfiberissimultaneously
splitintotwopathsandmodulatedbya&lectheoptkdchopper.Eachpathcontainsadetector,whosesignalisrecovered
usinglock-hamplification.Thetemperatureandemkivhyarecalculatedinrealtimetimthetwodetectorresponse
equations,takingintoaccountreflectionofthebackgroundradiationfiddhornthetargetsurface.Themid-infimwlspectral
bandpassofthesystem,togetherwhhlock-hamplification,enablesmeasurementoftiesmallsignalsemhtedfromlow-
tempemturetargets.

2. THEORY

2.1. Blackbody radiation

The spectral radiant emittance of a blackbody (emissivity equal to 1) is given by Planck’s Law,

(1)



whereh is Planck’sconstant[6.626x 10-3 J s], c is the speed of light [2.998X 10* m/s], 2 is the wavelength @n],

k isBohmann’s constant [1.381x 10-=J/K],andT is theblackbodytemperature~].Becausetheqxslnddistributionis
SIfbnctionofthetemperature,thesignalproducedbyadetectorthatissenshivetoallorpartoftheradiatedthermalspectrum
oftheblackbodywillberelatedtoitstemperature.

2.2.Graybodyradiation

h thecaseofagraybody,theemisshityispotentiallylessthan1andisindependentofwavelength.Thespxlndradiant
anittanceofagraybodyisrelatedtothatofablackbody(Equation1)by

W(A,E,T) = EWM(A,T) W cm-2 pm-l , (2)

whae & istheemksivity.If the emissivityis lessthan 1, the ambientradtion fieldwill bereflectedffomthe target surface
andcontributeto the detectedsignal. The detectedsignalis thengivenby

(3)V(E,T-) = cVw(&)+ (1 - S)v$b) V >

where VW is theblackbodytemperatureresponseof thedetector, T% is thetargettemperature,and Tbgis the ambient

badcgmmd tempe~~ near the target. 7he first term represents the contribution hm the target and the second term
represents the contnb~on from the reflected ambient radiation fielcL

-use there are two unknowns in Equation 3, T= and S, a second equation is needed to calculate their values. Addition

of a second detector with a different spectral bandpass will yield the necessary equation. If both detectom receive the signal
hrn the same area on the targeg the geometric dependence is the same for both detector equations an~ therefore, does not
at%ct the temperature and emissivity calculation.

3. EXPERIMENTAL SETUP
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Fig. 1. Configuration of the two-color infrared thermometer. The radiation transmitted by the fiber
is either passed or reflected by the chopper, simultaneously modulating the radiation for lock-in
amplification and splitting the rrdation into two paths.
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A 700 ~-bore hollow glass optical fiber coated with a metallic/dielectic layer on is inner stiw637 isused tocollectthe

inthredradiationemitted by the target. The numerical aperture of the hollow glass fiber is approximately 0.04, corresponding
to a 2° acceptancecone half-angle. The length of the fiber is 2 m. A gold-coated planar chopper is used to modulate the
incident radiation while simultaneously splitting the radiation into two paths. Two 128.8 mm-radius gold-coated spherical
mirrors focus the radiation onto their corresponding thermoelectrically-cooled HgCdZnTe photoconductors (1x 1 mm active
area). The spectral bandpasses of the photoconductors are 2-6pm and 2-12 pm and their response times are <I 00 ns and <10
ns, respectively. The two modulated signals are recovered using lock-in amplification. A diagram of the configuration of the
optical components is shown in Figure 1. The components are contained within a light-tight housing which contains a port
through which the hollow glass fiber extends. Also contained within the housing is a thermocouple to monitor the
tempemture inside the housing. This reading is used to dynamically adjust the two lock-in signals to account for changes in
the background mdirmce. A computer receives the detector and thermocouple signals and calculates the temperature and
emissivity using previously obtained blackbody calibration equations.

4. SYSTEM CALIBRATION

4.1. Lock-in signals

Our two-color system measures the radiation intensity in each of the spectral bands using lock-in amplification. The lock-in
signals are proportional to the difference between the signals originating from the chopper in the open position and closed
position, resulting in a signal that is comprised of target and background contributions. The contribution arising from the
background is effectively a constant offset that is independent of the target radiance. Therefore, subtraction of this offset from
the measured lock-in signal is required to arrive at the true target signal. It should be noted that this offset is equivalent to the
lock-in signal generated by a blackbody target that is sut%ciently cold to render the target conm”bution equal to zero.

4.2. Calibration procedure

The system was calibrated by measuring the lock-in signal of each spectral band as a function of the target temperature using a
blackbody target. The blackbody was a 4 x 4 x 4 inch aluminum block with a 1.5 x 1.5 x 1.5 inch hollow cavity in the
center. The cavity was formed by removing a 1.5 x 1.5 x 0.75 inch volume fkom each of two 4 x 4 x 2 aluminum slabs, and
joining the two halves together with screws. The joined surfaces were polished to ensure good thermal contact between the
two halves. A thermocouple was placed within the aluminum wall to measure the actual temperature. The hollow glass fiber
was inserted through a bore in the aluminum wall such that the fiber tip was flush with the cavity edge. The two calibration
curves were fit using an exponential fimction with an additional fit parameter to compensate for the offset in the lock-in signal:

(T),mk_in(T)= offset + exp a+ ~ + CTv (4)

where V1mkin(T)is the lock-in signal [V] and ojfset, a, b, and ~ are the fit pararnetem. The calibration curves and their

fits are shown in Figure 2. As described above, ofset isrelated to the background radiation field in the system housing, and
is governed mainly by the temperature within the housing. It follows that the signal originating from the blackbody only is
given by

(b)vbb(T) = vld-in(~)– ofset = exp a+;+ CT (5)

Fiber transmittance (which is essentially independent of the wavelength within the measurement band) and system alignment
govern a, which is effectively a scaling factor. Prior to using the system, offset and a are finely adjusted by measuring the
lock-in signals from a cool blackbody and a warm blackbody, respectively. Because the response of the detectors is relatively
flat for cooler temperatures and steeper for warmer temperatures, a cool blackbody is used to adjust the value of oj%et and a

warm blackbody is used to adjust the value of a. Using the original values of a, b, and c, the known cool blackbody
temperature, and the measured lock-in voltage, a new value of oflset iscalculated from the calibration equation. Similarly, a

new value of a is calculated using the current ojj%et value, the original values of b and c, the known warm blackbody
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temperature, and the measured lock-in voltage. The parameters b and c are solely related to the response of the detectors and
do not change significantly. These final fits are used to numerically solve for the temperature and emissivity during
measurement of target signals.
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Fig.2. Detector calibration curves. The lock-in signals horn the two detectors were measured as a
fimction of the temperature of a blackbody and were fit with an exponential function.

Variations in the background signal arising from temperature drifts within the housing (i.e., oflset) arecompensated by
independently measuring the temperature within the housing (with a thermocouple) and applying temperature dependent
corrections to the measured signals. To determine the appropriate corrections, the signals from a target at constant temperature
were measured as a fimction of the background temperature in the housing.

5. CALCULATION OF TEMPERATURE AND EMISSIVITY

Substituting the experimentally determined blackbody temperature response (Equation 5) in Equation 3, the resulting equation
for a non-blackbody target is

( i+cT*)+(l-’)’xp(a+$+cTbg)- “)
‘,@-,n(E,T[~g)-OtiSe~=eexP a+

Thesetwoequations, one for each spectral band, can be solved simultaneously for target temperature and emissivity (the
background temperature is measured with a thermocouple). However, when ~~ = Tb~, no emissivity information is

available.

6. MEASUREMENTS

The temperature and emissivity of a blackbody were measured with the two-color system and the calculated temperature was
compared with a thermocouple reading (Figure 3). The two-color temperature is in good agreement with the thermocouple
reading, and the calculated emissivity is near the actual value of 1.
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Fig.3.Temperatureand emissivity of a blackbody measured with the two-color infkared
thenuomeler. ‘l’hesame type of blackbody was used for the initial detector calibration (Figure 2),
and was used to adjust the offket and scaling parametem at 20”C and 112°C, respectively, prior to
the measurement.

Porcineskin coated with a thin layer of an rndocyanine green dye (ICG)solution was irradiated with a pulsed 805 nm diode
laser at abdut 2 W (spot diameter = 4 mm). ‘he measured two-color temperature and emissivity histories at the center of the
laser spot are shown in Figure 4.
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Fig. 4. Two-color temperature and emissivity as a fimction of time for porcine skin heated with a
pulsed laser.

7. SUMMARY

Thehollow glass fiber-based two-color infrared thermometer enables dynamic non-contac4 f=$ high spatial resolution
temperature and emissivity measurement. As a result of the two-color principle, the true temperature and emissivity of a target
m detmnined assuming the emissivity is independent of wavelength within the measurement band- Furthermore, correction
for reflection of the background radiation field fimmthe target surface enables more precise measurements. Use of a single fiber
eliminates the problem of aligning two fibers to a common spot on the target. Because the radiation observed through both
bands originates from the same geometric region on the target (which may not be true when a separate fiber is used to collect
mdiation for each band), the calculated temperature and emissivity are effectively independent of the fiber-to-target distance (for
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a target ofuniformtemperatureovertheobservedsurfacearea).Themid-khcedbandpassesofthehollowglassfiberand
HgCdZnTephotoconductors,coupledwithlock-inamplification,permitmeasurementofthesmallsignalsassociatedwith
low-temperaturetargets.
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